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Improved Antimicrobial Wash Treatments
for Decontamination of Apples

G.M. SAPERS, R.L. MILLER, B.A. ANNOUS, AND A.M. BURKE

ABSTRACT: We investigated means of improving efficacy of hydrogen peroxide washes in reducing Escherichia coli
populations on inoculated apples by increasing contact between attached bacteria and the wash solution. Golden
Delicious apples were inoculated with E. coli and treated with heated 5% H,0, with or without agitation, by spraying
and simultaneous brushing or abrading calyx and stem areas, or by vacuum infiltration. Samples. were homog-
enized, diluted, and plated to enumerate surviving bacteria. Population reductions were greater when apples were
treated with agitation, by targeted spraying with abrasion, by vacuum infiltration with stem removal, and by appli-
cation of treatments at 80 °C. However, discoloration occurred at temperatures above 60 °C.
Keywords: apples, decontamination, Escherichia coli, hydrogen peroxide, abrasion, infiltration, efficacy

Introduction .

NCREASED OCCURRENCE OF PRODUCE-RELATED OUTBREAKS OF FOOD

borne illness has focused attention on the efficacy of washing
and sanitizing treatments in decontaminating fruits and vegeta-
bles (Tauxe and others 1997; NACMCF 1999). Conventional
washing and sanitizing agents typically reduce microbial loads
by 1 to 2 log;,CFU/g (Beuchat 1998; Beuchat and others 1998;
Brackett 1999). Studies conducted by the authors with apples,
artificially inoculated with a non-pathogenic Escherichia coli,
have demonstrated somewhat greater population reductions (2
to 3 log;(CFU/g) when the apples were washed by immersion in
5% hydrogen peroxide (H,0,) at 50 to 60 °C (Sapers and others
1999). However, when this and other experimental and conven-
tional sanitizing treatments were applied with a commercial flat-
bed brush washer, population reductions were <1 log;(CFU/g
(Annous and others 2001). Survival of bacteria during washing
was attributed in part to poor contact between apple surfaces
and the rotating brushes and sanitizer solutions. Other factors
considered to be potentially important in limiting the efficacy of
washing were attachment of bacteria in inaccessible sites in the
stem and calyx areas or in skin punctures, infiltration of bacteria
in the calyx channel, and bacterial incorporation within biofilms
(Sapers and others 2000). To achieve greater reductions in micro-
bial populations on produce, improved methods of decontami-
nation that overcome these limiting factors are needed. In the
case of apples, such methods might be applied to fruit intended
for fresh-cut processing or to apples for fresh market. Our objec-
tives in this study were to determine whether such improve-
ments could be realized by application of H,0, solutions with agi-
tation, with targeted abrasion or brushing of calyx and stem
areas, by vacuum infiltration into inaccessible binding sites, or at
elevated temperatures.

Materials and Methods

Source and inoculation of apples

Unwaxed Washington State Golden Delicious apples weighing
approximately 150 to 180 g were obtained from a single grower and
stored at 4 °C until needed for decontamination experiments
(usually less than 2 mo). Apples were inoculated with a non-
pathogenic E. coli strain, ATCC 25922 (except ATCC 35695, in 1

preliminary experiment), used as a surrogate for E. coli O157:H7.
Inocula were prepared by growing the surrogate in Trypticase Soy
Broth (TSB) (Difco, Detroit, Mich., U.S.A.) at 37 °C for 8 h, transfer-
ring 100 mi of the late exponential-phase culture to 1 L of TSB, al-
lowing the culture to grow for approximately 18 h at 37 °C, centri-
fuging the culture at 10,415 X g for 10 min, washing once with 200
mlL sterile distilled water, and resuspending the cells in 2 L of ster-
ile distilled water for a final cell concentration of approximately 8.8
log,,CFU/mL (range of 8.7 to 9.1 log;,CFU/mL). Apples, taken
from refrigerated storage, were immersed in the stationary phase
E. coli cell suspension at ambient temperature (approximately
20 °C) for 5 min, drained, placed on their sides in plastic tubs lined
with absorbent paper, and held for 24 h at 4 °C prior to use.

Validation of surrogates

Based on the results of surrogate screening studies carried
out in our laboratory (Riordan and others 2001), washing trials
with representative heated H,0, solutions were carried out to
validate the use of 2 potential E. coli 0157:H7 surrogates for inoc-
ulation of apples: E. coli ATCC 25922 and 970152. Inocula of
these strains and E. coli 0157:H7 were prepared as described
above, and sufficient numbers of apples were inoculated by im-
mersion and refrigerated overnight, as described, so that treat-
ments could be applied to duplicate sets of 4 apples each. Apples
were washed in 2L 5% H,0, for 2 min or with 5% H,0, + 1% sodi-
um 2-ethylhexylsulfate (Stepanol, a wetting agent; Stepan Com-
pany, Northfield, Ili., U.S.A.) for 1 min, both applied at 60 °Cina
6-L glass beaker placed in a shaker water bath (Innova 3100, New
Brunswick Scientific, Edison, N.J., U.S.A.) with agitation at 120
rpm. Samples and untreated controls were each blended and the
surviving E. coli enumerated on TSA/MAC as described.

Application of antimicrobial treatments

Duplicate or triplicate sets of inoculated apples were treated
by immersion in 5% H,0, under various conditions of time, tem-
perature, agitation, application of abrasion, and vacuum, in-
tended to improve contact between the H,0, solution and micro-
bial attachment sites on the apple surface.

Effect of agitation
Apples inoculated with E. coli (ATCC 25922) were treated with
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5% H,0, at 50 °C or 200 mg/L Cl, (total chlorine, calculated from
added sodium hypochlorite; adjusted to pH 6.5 with citric acid)
at 20 °C for 1 min, with or without agitation. One group of sam-
ples was treated by submerging duplicate sets of 3 applesin2 L
of solution in 3-L beakers without agitation. Peroxide solutions
were preheated to 50 °C, and the treatments applied by placing
the beakers in a 50 °C water bath, adding the apples, and keep-
ing them submerged with a slotted spoon. The same treatments
were applied by placing 6 apples in a stainless steel covered bas-
ket inserted in a 22-L pail containing 6 L of solution so that the
apples would be fully submerged. Agitation was provided by
placing the pail on a shaker (G10 Gyrorotary Shaker, New Brun-
swick Scientific Co., Inc., New Brunswick, N.J., U.S.A.) set to 65
rpm. We refer to this method as a “dynamic wash”; washing with
agitation, described elsewhere in this study, was carried out on a
shaker (Sapers and others 1999) and was less vigorous than the
dynamic washing treatment. The dynamic and static treatments
were each carried out in duplicate.

Application of abrasion

To improve contact between sanitizing solutions and inaccessi-
ble bacteria attached in the stem and calyx areas, 6 apples inocu-
lated with E. coli (ATCC 25922) were lightly abraded in these areas
with a 19 mm X 22 mm conically shaped aluminum oxide grinding
point (Vermont American Tool Company, Lincolnton, N.C., U.S.A.),
attached to an electric drill. Prior to abrading, duplicate sets of 3
apples were washed by immersion for 1 min in 2 L 5% H,0, at 50 °C
with agitation and then pooled. During application of the abrasion
treatment to the individual apples, the abraded surface was
flushed to remove debris by applying a stream of de-ionized water
with a wash bottle. After abrading, the apples were washed again
either in a colander under tap water for 30 sor as sets of 3in2 L5%
H,0, at 50 °C, followed by the tap water rinse. Following treat-
ment, the treated apples and 6 inoculated control apples were
cored with a sterile, stainless steel cork borer (27 mm dia) to sepa-
rate the stem, core, and calyx portions from the edible portion. The
separated cores were dissected aseptically to isolate stem and ca-
lyx portions, which were pooled and weighed, as described (Sapers
and others 2000), so that population reductions in the calyx and
stem areas could be determined. Additional samples and controls
(sets of 6 apples) were evaluated without dissection in duplicate
trials so that overall population reductions due to the abrasion
treatments could be determined. Weight losses resulting from the
abrasion treatrnent also were determined.

Targeted brushing

Because damaging abrasion treatments would not be suit-
able for fruit intended for fresh market, the efficacy of brushing
calyx and stem areas without using sufficient force to break the
skin was examined. In a preliminary experiment, brushing treat-
ments were applied to sets of 6 apples inoculated with E. coli
ATCC 35695 (K-12) as the surrogate with an electric toothbrush
(Oral B Plaque Remover, Model D 6011, Braun, Inc., Woburn,
Mass., U.S.A.). Prior to brushing, the apples were washed by im-
mersion of sets of 3 apples for 1 min with agitation in 2 L 5%
H,0, + 1% APL Kleen® 245 (an acidic detergent formulation; EIf
Atochem North America Inc., Agrichemicals Div., Decco Dept.,
Monrovia, Calif., U.S.A.) at 50 °C and then rinsed with water. Ap-
ple calyx and stem areas were individually brushed for 1 min
with the electric toothbrush using a 5% H,0, flush or an abrasive
paste prepared from 8 g calcinated oyster shell powder (provided
by K. Isshiki, National Food Research Institute, Tsukuba, Japan;
see Isshiki and Azuma (1995)) + 8 g H,0. The paste was applied

Table 1-—~Comparison of potential surrogates for E. coli
O187:H7 in evaluating efficacy of heated H,0, wash treat-
ments for inoculated Golden Delicious apples

E. coli population reduction?

5%H,0, @ 5% H,0, +1% SHsP@
E. coli strain 60 °C for 2 min 60 °C for 1 min
ATCC 25922 2.72¢ 2.30°¢
ATCC 970152 1.564 2.32°¢
0157:H7 2.32¢ 2.14¢

aBased on inoculated control populations of 4.87/4.53, 5.12/5.20, and 5.12/
5.22 for ATCC 25922, ATCC 970152, and O157:H7, with or without SHS in
wash, respectively.

PSHS = sodium 2-ethylhexylsulfate.

¢ dMeans of duplicate trials; means within the same column with no letter in
common are significantly different at p < 0.05 by the LSD test.

dropwise to the calyx and stem areas with a transfer pipette until
these surfaces were thoroughly coated. After brushing, the ap-
ples were rinsed with warm tap water for 15 s. Treated apples and
controls were cored and dissected as described above.

To determine the effects of brushing calyx and stem areas
with calcinated oyster shell paste on a whole apple basis, we con-
ducted a follow-up series of experiments 2 y after the initial ex-
periments in which the brushing procedure was slightly modi-
fied to provide better control, and the surrogate was E. coli ATCC
25922. In these trials, a digital force gauge (Model FGE 0.5; Shim-
po Instruments, Itasca, Iil., U.S.A.), placed in contact with the
upper surface of the electric toothbrush above the rotating
brush, was used to measure the force applied to each apple dur-
ing brushing. Duplicate sets of 3 inoculated apples were washed
with 5% H,0, + 1% APL Kleen® 245 with agitation and rinsed with
water as described above. Then, individual apples were clamped
to a ring stand, oriented with the calyx facing up, and about 0.5
mL of an oyster shell/water paste (1:2) was applied by transfer
pipette to the calyx area. Each apple was raised by elevation of a
lab jack until contact was made with the rotating brush, and a
force reading of 100 g + 5 g was obtained; the calyx was brushed
for 1 min with periodic adjustment of the lab jack, as needed t
maintain the desired force. The apple was then lowered, reposi
tioned in the clamp so that the stem faced up, and brushed i1
the stem area with 0.5 mL calcinated oyster shell paste as de
scribed above, but with the stem aligned off-center to avoid in
terference with the brush rotation. Each apple was rinsed witt
tap water for 30 s after both calyx and stem areas were brushed tc
remove residual paste. The pooled sets of 3 apples were homoge
nized without prior coring and dissection. The calcinated oystel
shell abrasion treatment was compared with an inoculated con:
trol in duplicate trials, and the experiment was repeated twice.

Vacuum infiltration

Sanitizing solutions were applied under vacuum to improve
penetration of the sanitizing agent into stem or calyx areas
punctures or pores and increase exposure of bacteria attached ir
these locations. Twelve sets of 4 apples each were inoculated
with E. coli (ATCC 25922), and after 24 h at 4 °C, half of the sets
were de-stemmed. Sets of 4 inoculated apples were submerged
in 2 L preheated 5% H,0, at 45 °C in a 3-L beaker, which was
placed in a vacuum oven (Model 3608, Lab-Line Instruments
Inc., Melrose Park, Ill,, U.S.A.). A vacuum was applied over 3 min,
reaching 508 mm Hg at about 1 min, at which point the vacuum
line was closed to prevent boiling of the H,0, solution. After
treatment, each individual apple was rinsed for 30 s under cold
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Table 2—Population reduction in Golden Delicious apples
inoculated with Escherichia coli (ATCC 25922) and decon-
taminated by static or dynamic sanitizing wash treatment

Table 3—Population reduction in Golden Delicious Apples
inoculated with E. coli (ATCC 25922) and decontaminated
by targeted abrasion of calyx and stem areas

E. coli population

Application reduction®
Treatment method? (log,,CFU/g)
5% H,0, @
50 °C for 1 min Static 1.84d
Dynamic 2.81¢
200mg/L Cl, @
20 °C for 1 min Static 1.74¢
Dynamic 1.48¢d

aStatic = immersion without agitation; dynamic = immersion with agitation.
bBased on inoculated control E. coli population of 5.47 log;oCFU/g;
enumerated on E. coli Petrifilm plates.

¢ dMeans of duplicate trials; means with no letter in common are significantly
different at p < 0.05 by the LSD test.

tap water to assure removal of residual H,0, on the apple sur-
face. Treated apples and inoculated controls were compared with
apples given a “dynamic” wash with 5% H,0, at 60 °C in dupli-
cate trials. The higher treatment temperature was not used with
the vacuum treatment to avoid boiling of the H,0, solution and
consequent interference with infiltration of the solution into the
apple calyx channel. Treated apples and controls were cored and
dissected as described above or examined without dissection.
Hydrogen peroxide residues in vacuum treated apples were de-
termined with the EM Reflectoquant™ Analysis System (EM In-
dustries, Inc., Gibbsville, N.J., U.S.A.) by cutting apples in half
along the stem/calyx axis and applying an EM Quant® peroxide
test strip (EM Industries, Inc.) to the exposed calyx channel.

High temperature treatments

Unwaxed Golden Delicious, Granny Smith, Fuji, and Red Deli-
cious apples were immersed in water or 5% H,0, for 30 to 180 s at
60 to 80 °C with agitation to determine their tolerance to high
temperature treatment. Treated apples and controls were exam-
ined by 2 of the investigators for visual evidence of skin discolor-
ation or for presence of subsurface softening of the apple flesh.
Apples were cut in half along the stem/calyx axis so that any sub-
surface discoloration associated with softening or tissue break-
down could be seen. Apples were periodically examined for de-
layed development of these or other defects during storage for 7
. d at 4 °C. To determine treatment efficacy, duplicate sets of 3
Golden Delicious apples, inoculated with E. coli (ATCC 25922),
were treated by immersion with agitation in 2 L preheated water
or 5% H,0, at 65 or 80 °C for 1 to 3 min in 3-L beakers placed ina
89-L water bath (Precision Circulating Water Bath, Model 270,
Precision Scientific Inc., Chicago, Ill,, U.S.A.) maintained at 65 or
80 °C. Following treatmnent, the apples were rinsed with cold tap
water in a colander for 1 min and then evaluated for surviving E.
coli. Treated apples and inoculated controls were compared in
triplicate independent trials.

Microbiological methods

Treated apples and controls were weighed, cut into quarters
on a sterile cutting board, combined with an equal volume (w/v)
of sterile 0.1% peptone water (PW) (Difco) and homogenized for
1 min at medium speed in a sterile 4-L stainless steel Waring
blender (Waring Products Div., Dynamics Corp. of America, New
Hartford, Conn., U.S.A. To obtain isolated stem and calyx area
portions, skin around the periphery of the stem and calyx at a ra-
dial distance of about 13 to 15 mm from the stem and calyx axis
was 1st removed with a sharp, sterile (flamed) knife to avoid

E. coli population reduction®

Treatment® (log,, CFU/g)

Wash, abrade, rinse with H,0 3.61¢
Wash, abrade, rinse with 5% H,0, 5.28¢
Wash without abrasion, rinse with H,0 1.69¢

8Apples washed with 1% APL Kleen® 245 + 5% HyOp @ 50 °C for 1 min;
calyx and stem areas abraded with conical grinding tool; rinsed with HyO or
5% Hp0, @ 20 °C for 30 s.

bBased on surviving E. coli population of treated apples, compared to
inoculated control population of 5.78 logoCFU/g; enumerated on E. coli
Petrifilm plates.

¢ d, @ Means of duplicate trials; means with no letter in common are
significantly different at p < 0.05 by the LSD test.

cross contamination. Then the apples were cored with a sterile,
stainless steel cork borer, pushed into the fruit from the stem
end. Stem and calyx portions were removed from the isolated
cores on a sterile cutting board using a sterile knife. Stem and
core portions from replicate apples in each sample were sepa-
rately pooled, weighed, combined with 4 parts PW (w/v), and ho-
mogenized in a 1-L glass blender (Waring) for 1 min at medium
speed. Blended samples were filtered through a sterile filter bag
designed for microbiological examination of particulate suspen-
sions (40 mm pore size; Spiral Biotech, Bethesda, Md., U.S.A.)
and diluted as required with sterile PW.

Generic E. coli counts were estimated by plating 1 mL aliquots on
E. coli/coliform count Petrifilm plates (3M Microbiology Products,
St. Paul, Minn., U.S.A.) and 0.1 mL aliquots on Trypticase Soy Agar
(TSA) (Difco) with a spiral plater (Autoplate 4000, Spiral Biotech).
The TSA plates were overlayed after 2 to 3 h incubation at 35 °C with
MacConkey agar (MAC) (Difco) to recover injured cells. In the pre-
liminary brushing trials, Brain Heart Infusion Agar (Difco) contain-
ing streptomycin sulfate (20 mg/ml; Sigma Chemical Co., St. Louis,
Mo., U.S.A.) was used to enumerate E. coli ATCC 35695 in the isolat-
ed calyx and system portions. TSA/MAC was used to enumerate
surviving E. coli ATCC 25922 in the undissected apple samples pre-
pared in the follow-up brushing experiments.

Statistical analyses

Population reduction data were analyzed for differences in
response to treatments by ANOVA, t-tests and the LSD test to
separate means (Miller 1981). All statistical analyses were per-
formed with SAS/STAT software (SAS Institute Inc. 1989).

Results and Discussion

Selection of surrogate

A surrogate for E. coli 0157:H7 was employed in this study to
avoid exposure of laboratory personnel to the human pathogen as
a consequence of aerosol production, sprays, and splashes likely
to result from some of the experimental decontamination treat-
ments investigated. A recent surrogate screening study carried out
in our laboratory, demonstrated similarities between E. coli
0157:H7 and strains ATCC 25922 and 970152 in growth character-
istics on various media, attachment to apples, resistance to H,0,,
and resistance to heat (Riordan and others 2001). Therefore, these
potential surrogates were compared with E. coli 0157:H7 in repre-
sentative washing trials with inoculated apples (Table 1). Similar
responses provided by 0157:H7 and ATCC 25922 to 2-H,0, wash
treatments justify use of this surrogate in research on develop-
ment of these apple decontamination treattnents.
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Table 4—Population reduction in Golden Delicious Apples inoculated with E. coli (ATCC 25922) and decontaminated by
washing and targeted brushing with calcinated oyster shell powder

E. coli population reduction®
(log,, CFU/g)

Treatment Expt. A Expt. B Expt. C Mean®
1% APL Kieen® 245 + 5% H,0, @ 50 °C* 1.42 £ 0.05 2.14 £ 0.46 2.19 + 0.68 1.92!
1% APL Kleen® 245 + 5% H,0, @ 50 °C; calcinated oyster shell® 2.98 £ 0.12 255+ 0.74 2.69 + 0.21 2.74®

aApples washed with 1% APL Kleen® 245 + 5% Ho0, @ 50 °C for 1 min and rinsed with HpO.

bApples washed with 1% APL Kleen® 245 + 5% HyO, @ 50 °C for 1 min and rinsed with H,O; then calcinated oyster shell/water paste (1:2) applied to calyx
and stem areas followed by brushing with electric toothbrush for 30 s and rinsing with H,O

CBased on inoculated control E. coli populations of 4.74, 5.05 and 4.86 log;oCFU/g for Expts. A, B and C, respectively; means of duplicate trials for sach

experiment.
dEnumerated on TSA with MacConkey agar overlay.

e. fwithin the same column, means with no lstter in common are significantly different at p < 0.05 by the LSD test

Table 5—Population reduction in excised calyx and stem
areas of Golden Delicious Apples inoculated with E. coli
{ATCC 25922) and decontaminated by dynamic washing or
vacuum infiltration with 5% H,0,, with or without stem

272
removal*
E. coli population reduction®
{log,, CFU/g)
Stem Stem  Calyx
Treatment removal tissue® tissue®
5% H,0, at 60 °C
(dynamic wash) No 3.13¢ 258t
Yes 2.84d 3.1g¢f
5% H,0, vac.
infilt. at 45 °C No 1.46° 4.52d0
Yes 3.22¢ 4.984

aApples washed with 5% H,0O, at 80 °C for 2 min (dynamic wash) or vacuum
infiltrated with 5% HyO, at 45 °C and 508 mm Hg for 3 min; apples rinsed with
H,0 after treatment.

bBased on inoculated control (without stem removal) E. coli population of 5.19
and 6.46 log gCFU/g in stem and calyx areas, respectively, enumerated on E.
coli Petrifilm plates.

¢Stem and calyx tissues excised aseptically from individual appies, weighed
and homogenized for enumeration of surviving E. coli.

d. & Means of duplicate trials; within columns, means with no letter in common
are significantly different at p<0.05 by the LSD test.

Effect of agitation

Our studies (Sapers and others 2000; Riordan and others
2001) and others (Delaquis and others 2000; Fatemi and Knabel
2001) have shown that bacteria may attach to the apple surface
in the stem and calyx areas. Because of the possibility that air
bubbles entrapped in these areas or fruit-to-fruit contact during
washing might limit exposure of attached bacteria to sanitizers,
we compared H,0, and Cl, wash treatments, applied by com-
plete immersion of fruit with or without agitation, as described.
Vigorous agitation of the apples in 5% H,0, at 50 °C, as provided
by the dynamic wash procedure, increased the population re-
duction by 1 log, compared to treatment without agitation (Table
2). However, vigorous agitation during washing did not increase
population reductions with the Cl, treatment. Population reduc-
tions obtained with Cl, were similar to those reported by others
(Beuchat and others 1998; Wisniewsky and others 2000; Wright
and others 2000) and smaller than those obtained with H,0,, as
we reported (Sapers and others 2000). The improvement in effi-
cacy of H,0, obtained with agitation may have been due to dis-
persal of oxygen bubbles generated by catalase-catalyzed or
spontaneous decomposition of H,0, in the calyx and stem areas,
thereby allowing for better contact with bacterial attachment
sites, Vigorous agitation of the apples did not appear to cause
any bruising or puncturing of the apple skin.

Table 6—Population reduction in Golden Delicious Apples
inoculated with E. coli (ATCC 25922) by washing or vacuum
infiltrating with 8% H,0, or Cl,, with or without stem re-
moval

E. coli population reduction®
(log,, CFU/g)

With  Without
Treatment? stems  stems
5% H,0, at 60 °C for 2 min 2.269 1.96%
5% H,0, vac. infilt. at 45 °C for 3 min 3.12¢ 3.90°
200 mg/L Cl, at 50 °C for 2 min 1.48¢ 1.52¢8
200 mg/L Cl, vac. infilt. at 20 °C for 3 min_ 1.52° 2.159

aApples given dynamic wash or vacuum infiltration at 508 mm Hg for 3 min;
then rinsed with H,O after treatment.

bBased on inoculated control (without stem removal) E. coli population of 5.10
and 5.05 log{oCFU/g for Hx05 and Cly trials, respectively; enumerated on E.
coli Petrifilm plates.

¢, d. eMeans of duplicate trials; within columns, means with no letter in
common are significantly different at p<0.05 by the LSD test.

Effect of washing with abrasion

Calyx and stem areas of inoculated apples were washed with 5%
H,0, and then abraded with a conical grinding tool to expose bacte-
ria attached in inaccessible sites and disrupt any biofilms in these
regions of the apple surface. Population reductions in the calyx and
stem areas were 4.48 + 1.14 and 4.44 + 1.08 log;(CFU/g, respectively,
when 6 apples were individually washed with 5% H,0, at 50 °C fol-
lowed by abrading with the grinding tool and rinsing with 5% H,0,.
This treatment yielded population reductions of 3.61 and 5.28
log;,CFU/g on a whole apple basis when the abraded areas were
flushed with water and 5% H,O,, respectively (Table 3). Treatment
without abrasion resulted in a population reduction of only 1.69
log,,CFU/g. While the ability of targeted abrasion to provide large
reductions in E. coli populations on inoculated apples is apparent, it
is not clear whether this treatment could be applied commercially.
Weight losses due to removal of stem and calyx tissue were between
2% and 3%. The treatment would require individual apples to be
precisely oriented and positioned at high speed between opposing
grinding devices with simultaneous flushing to remove contaminat-
ed debris. The treatment might be applicable to production of
fresh-cut slices but could not be used for fresh market apples due to
tssue injury in the stem and calyx areas. Population reductions ob-
tained with apples intended for cider production could not be
counted towards the required 5-log reduction, which must be based
on treatments applied to the juice (FDA 2001).

An alternative means of decontaminating calyx and stem areas
by washing with abrasion was explored using a rotating brush
{electric toothbrush) with an abrasive paste. In a preliminary ex-
periment, an experimental calcinated oyster shell produet de-
scribed by Isshiki and Azuma (1995) was applied to inoculated ap-
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Table 7—Effect of immersion In heated H,0 and 5% H,0,

on quality of apples

Treatment Appearance
temp. Quality HO 5%H,0,
(°C) attribute wash wash
Golden Delicious
65 Color No browning No browning
Dark lenticels Dark Lenticels
Heat injury? None None
Stability? Darker Darker
80 Color Browning Severe browning
Heat injury Slight Slight
Stability? Darker No change
Granny Smith
65 Color Slight browning No browning
Visible lenticels Visible lenticels
Heat injury? None None
Stability No change No change
80 Color Olive Severe browning
Heat injury? Moderate Moderate
Stability Darker Darker
Fuji
65 Color No browning Slight browning
Heat injury® None None
Stability No change No change
80 Color Mod. browning Severe browning
Heatinjury  Slight Sight
Stability® Darker No change
Red Delicious
65 Color No browning Slight browning
Heat injury? None None
Stability No change Darker
80 Color Mod. Browning Severe browning
Heat injury® Slight Slight
Stability? Darker Darker

aFruit surface less firm and/or dark layer beneath skin.
bChange in color or surface firmness after 1 week at 4 °C.

ples with E. coli ATCC 35695 (K-12) as the surrogate. Population re-
ductions in the calyx area of 4.4 to 5.2 resulted from the calcinated
oyster shell treatment, compared to 2.6 to 3.3, obtained by brush-
ing with water without this abrasive paste. Population reductions
in the stem area were smaller and more variable (data not shown).
Isshiki and Azuma (1995) reported that the calcinated oyster shell
preparation was effective in inhibiting growth of bacteria when
added to mashed potatoes and potato salad.

In a follow-up study of brushing treatments with calcinated
oyster shell powder as the abrasive material, E. coli ATCC 25922
was employed as the surrogate. The inoculated apples were pre-
washed in 1% APL Kleen® 245 + 5% H,0,, followed by application
of the brushing treatment to the calyx and stemn areas of each indi-
vidual apple. Population reductions, determined on a whole apple
basis, were consistently higher with the combined treatment than
with the wash alone, approaching 3 logs with the former treatment
(Table 4). This treatment did not result in mechanical injury to the
fruit. However, orientation of fruit for treatment is inherently diffi-
cult to control, and adaptation for high-speed packing and fresh-
cut processing operations may be problematic.

Brushing without an abrasive paste produced inconsistent re-
sults, even when the brushed area was simultaneously flushed
with 5% H,0,, and a wetting agent, 0.2% sodium 2-ethylhexyl
sulfate, was added to the flushing solution (data not shown).

Vacuum infiltration :
Vacuum infiltration was investigated as a means of improving
contact between sanitizing agents and microbial binding sites.

When 5% H,0, was applied to inoculated apples at 45 °C under
508 mm Hg vacuum, population reductions in the calyx area
were greater than 4 logs, about 2 logs higher than could be ob-
tained by a dynamic wash at 60 °C and atmospheric pressure
(Table 5). Removal of the apple stem improved the performance
of the vacuum infiltration treatment but not the dynamic wash
treatment in the stem area. Presumably, bacterial attachment
sites near the base of the stem were made more accessible to the
vacuum treatment by stem removal. When population reduc-
tions were determined on a whole apple basis, vacuum infiltra-
tion of de-stemmed inoculated apples with 5% H,0, at 45 °C
yielded a 3.9 log,(CFU/g reduction, 2 logs greater than could be
obtained at 60 °C and atmospheric pressure (Table 6). In con-
trast, vacuum infiltration did not appear to improve efficacy of
the 200 ppm Cl, treatment. Similar results were obtained wheth-
er the treatment was applied by submerging the apples in 5%
H,0, at atmospheric pressure and then placing them under vac-
uum, or by placing the apples in a beaker under vacuum and
then submerging them in the H,0, solution, added to the beaker
through an inlet line to the vacuum oven (data not shown). The
vacuum infiltration treatment had litte effect on apple quality
other than a slight darkening of lenticels in some varieties. H,0,
residues in the calyx area decreased to about 5 ppm within 3 h
and were not detectable in 18 h.

Vacuum infiltration has been used commercially to infuse sug-
ar, citric acid, and ascorbic acid into apple slices (Hall 1989). Previ-
ously, we investigated use of pressure and vacuum infiltration to
increase uptake of sodium erythorbate-based browning inhibitors
by diced and sliced fresh apples (Sapers and others 1990). Vacuum
and pressure infiltration have been used experimentally to in-
crease the calcium content of intact apples as a means of increas-
ing firmness (Poovaiah and Moulton 1982; Abbott and Conway
1989), suppressing decay (Conway and Sams 1983), and reducing
bitter pit and low temperature breakdown (Scott and Wills 1979).
Vacuum infiltration of H,0, might be applicable to disinfection of
apples intended for fresh market or fresh-cut processing.

High temperature treatments

Successful use of heated H,0, solutions to reduce bacterial
populations on contaminated apples requires that the apples
withstand the required treatment without undergoing discolora-
tion, loss of firmness, or breakdown during storage. Goiden Deli-
cious, Granny Smith, Fuji, and Red Delicious apples showed no
indications of quality loss or injury at 60 °C other than slight
darkening of Golden Delicious lenticels following exposure to 5%
H,0, for 180 s (data not shown). At 65 °C, Golden Delicious and
Granny Smith apples showed no overall browning but slight
darkening of lenticels following exposure to H,0 or 5% H,0, after
only 30 s (Table 7). Slight darkening of Golden Delicious occurred
during post-treatment storage at 4 °C for 1 wk. Slight browning of
Fuji and Red Delicious was detected after 120 s in 5% H,0,. No
softening of the fruit surface or other defects was observed. It ap-
pears that 65 °C represents an upper limit beyond which treat-
ment-induced discoloration becomes conspicuous. At 70 and
80 °C, Golden Delicious, Granny Smith, and Red Delicious all
showed moderate browning with H,O treatment and more severe
browning with 5% H,0, treatment, both defects intensifying dur-
ing post-treatment storage. Fuji tolerated 70 °C during treatment
with H,O and 5% H,0,, but samples heated for more than 30 s
showed browning during post-treatment storage. At 80 °C, Fuji
was similar to the other varieties. All apples heated at 80 °C
showed subsurface softening. More comprehensive quality eval-
uations, carried out using storage conditions typical of commer-
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Improved wash treatments for apples . ..

Table 8—Population reduction in Golden Delicious Apples
inoculated with E. coli (ATCC 25922), immersed in H,0 or
5% H,0, at 65 or 80 °C

E. coli population reduction®
(log,, CFU/g)

Treatment?® Temp. (°C) TSA/MAC  Petrifilm

5% H,0, 65 2.11¢ 2.61¢
80 3.96° 3.96°

H,0 65 1.66¢ 2.22¢
80 2.169 2.729

almmersed for 2 min with continuous agitation.

Based on inoculated control E. coli population of 5.00; enumerated on TSA
with MacConkey agar overiay.
¢, dMeans of triplicate trials; means within columns with no letter in common
are significantly different at p < 0.05 by the LSD test.

cial practice, would be required to demonstrate the absence of
long-term degradative changes induced by exposure to H,0,
and/or high temperature treatments.

Exposure of inoculated apples to H,O or 5% H,0, at 65 °C re-
sulted in a 2-log population reduction (Table 8). At 80 °C, the
population reduction resulting from exposure to water was the
same as at 65 °C, but the population reduction resulting from the
peroxide treatment increased to almost 4 logs. These results were
obtained by plating on TSA with the MAC overlay, which should
have permitted recovery of injured bacterial cells. Generally sim-
ilar results were obtained by plating on Petrifilm; log reductions
obtained with this medium were not significantly higher than
those obtained with TSA/MAC, although an apparent trend to-
wards greater log reduction values was seen with the Petrifilm
data. This trend suggests that heat or peroxide-induced injury
may have affected the accuracy of enumeration with Petrifilm.

_Gonsequently, we are using the TSA/MAC procedure to enumer-
ate survivors of all treatments carried out at elevated tempera-
tures. The presence of some survivors, even at 80 °C, demon-
strates the inability of a hot water treatment to pasteurize the
surface of apples when the targeted bacteria have become well
established in protected attachment sites. Similar results were
reported by Fleischman and others (2001) with apples inoculat-
ed by immersion in a suspension of E. coli 0157:H7. In that study
greater log reductions were obtained with surface-inoculated ap-
ples where the attached bacteria were more vulnerable to hot
water treatment. Our results indicate that a hot water or H,0,
treatment, applied at a time/temperature condition capable of
inactivating bacteria in inaccessible sites, would result in exces-
sive heat damage incompatible with product quality. These re-
sults support the FDA position that the required 5-log reduction
for fresh cider should be based on treatments applied to the
juice (FDA 2001). Conceivably, a brief exposure to steam might
be capable of large reductions in microbial populations on the
surface of apples intended for fresh-cut or fresh market applica-
tions without injury to the product because of better heat trans-
fer and utilization of the latent heat of vaporization.

Conclusions

'I‘HE EFFICACY OF H,0,-BASED SANITIZING TREATMENTS FOR FRESH

apples can be improved by increasing contact between the
sanitizing solution and inaccessible microbial binding sites on the
apple surface. Such improvements can be realized by applying
H,0, wash treatments with vigorous agitation, by abrading stem
and calyx areas while flushing with the H,0, solution, by targeted
brushing with an antimicrobial abrasive paste, by vacuum infiltra-
tion of the H,0, solution, and by increasing the treatment applica-

tion temperature. However, abrasion and high temperature treat-
ments may result in mechanical or thermal injury to the product,
which would limit treatment applicability. Further research is re-
quired to overcome these limitations and to develop practical
means of treatment application so that apples intended for fresh-
cut or fresh market applications can be sanitized more effectively.
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